We will describe a noise reduction method which diffuses and suppresses the noise component, while concentrating and enhancing speech formant information. Two Dimensional Spectral Smoothing (TDSS) is applied over a time sequence of spectral envelope to diffuse noise and concentrate formant information. After consonant enhancement, Non-linear Spectral Amplitude Transformation (NSAT) is carried out to further suppress the noise component and enhance formant information. This noise reduction method has proven to be superior to the conventional frequency subtraction method.
INTRODUCTION Speech communication and recognition in an
acousticly noisy environment is essential for smooth and natural communication. Most previously proposed techniques for acoustic noise reduction can be classified into two approaches. One is to extract speech information based on its structure [1] . The other is to reduce the noise component by using its properties [2] .
Our approach is different from these in that it aims reducing the auditory sense of noisiness by enhancing speech formants.
As noise increases, formant structure becomes unclear and is sometimes destroyed so that speech intelligibility decreases. A simple method for restoring formant structure is to distinguish formants from noisy speech in a frame-wise spectral analysis and then enhance their amplitude. This technique, however, causes so called 'musical noise" so that speech quality decreases rapidly as the SN ratio decreases. Musical noise is caused by discontinuity of formants between frames because of their inaccurate estimation within a frame. To estimate continuous formants accurately, inter-frame information should be used as well as intra-frame information. In this paper, we propose a time-frequency Two-Dimensional Spectral Smoothing (TDSS) operation for continuous formant estimation.
The TDSS operation is a smoothing operation applied to a time sequence of the spectral envelope by a normal distribution function. It can diffuse the noise component and concentrate the speech component in order to restore formant structure. The TDSS operation is effective for vowel enhancement in noisy speech when a clear formant structure is present. Consonants must be restored later by another operation. Because consonant features are contained in the formant transitions, its location can be estimated to be around the formants determined by the TDSS operation. We call this consonant restoring operation the Transition Inference (TI) operation.
The Restored formant structure is enhanced to reduce the auditory sense of noisiness. For the auditory perception system, it is effective to both intensify the amplitude of the formant peaks and to reduce the amplitude of the valleys between the peaks (noise component). To perform this operation simultaniously, we propose a Non-linear Spectral Amplitude Transformation (NSAT) operation, which can both reduce the noise component and enhance the formant structure. This operation has theoretically and experimentally proven to be superior to conventional spectral subtraction methods.
NOISE REDUCTION METHOD BASED ON CEPSTRAL ANALYSIS AND SYNTHESIS
Noise reduction is carried out in three steps: the analysis of noisy speech, the application of noise reduction operations, and finally the synthesis of noise reduced speech. We adopted FFI'-cepstrum as the speech analysis and synthesis system because it is difficult to simply apply a model-based approach, such as LPC analysis to noisy speech to obtain spectral imformation. Three kinds of information are extracted by FFI'-cepstral analysis; phase information, pitch information contained in the higher cepstral component, and spectral envelope information.
To investigate the effectiveness of noise reduction based on the above mentioned types of information, both noise free vowels and noisy vowels with a white noise of -10 dB SN ratio were analyzed by FFTcepstrum. The sampling frequency was 10kHz with 16 bit accuracy. The frame length and frame period were 25.6 msec. The three types of information were combined as shown in Table 1 and speech was synthesized according to each combination. The synthesized speech was presented for a paired comparison auditory experiment and the result, which was evaluated by the Shéfé method, is shown in Table  2 .
The results shown in Table 2 can be summarized as; 1) Noise reduction processing based on phase information is not effective because there is no significant difference between speech B and D in Table 2 (a). 2) Noise reduction processing base on higher cestral component is not effective because there is no significant difference between speech B and F in 3) Noise reduction processing based on the spectral envelope is expected to be fairly effective because a significant difference appeares between speech B and H in From the above discussion, it is concluded that noise reduction based on the spectral envelope is effective. Fig. 1 shows a block diagram of our noise reduction system based on FFT-cepstral analysis and synthesis. According to the conclusions described above, noise reduction is based solely on the spectral envelope.
TDSS OPERATION BASED ON PERCEPTUAL MODEL

Assumption of Perceptual Model
We assume that the human auditory system can perceive formant frequencies based on a perceptual model even in an acousticly noisy environment. If that perceptual model is constructed and applied to noisy speech, it is expected that formant frequencies can be accurately extracted. As the perceptual model, we 2) Formant ridges (continuous peaks over time) are destroyed so that the formant structure of speech becomes unclear. The effectiveness of the TDSS operation can be seen corresponding to the phenomena described above. 1) It diffuses the noise component observed as isolated peaks by using a weighting function.
2) It concentrates speech information observed as a formant ridge. Fig.3 shows the effectiveness of the TDSS operation.
The speech data is a mono-syllable /kai. The effect of standard deviation CT, ut is shown in Fig.4 . If Gf or becomes small, false peaks are emphasized. Formant ridges tend to be obtained easily as Ut becomes large.
From Fig.3 and Fig.4 , it seems that the formant structure is enhanced after the TDSS operation on a two dimensional spectral envelope and thus it can be used to restore vowels from noisy speech. For the consonant restoration, special processing is required to compensate for the spectral diffusion that is a result of the TDSS operation.
CONSONANT ENHANCEMENT 4.1 Consonant Features Surviving under Noise
We investigated the confusion of consonants in noisy speech by auditory test. As a result, the fricative consonants Is!, /zf were confused as the stop consonants It], Id!, respectively, because their place of articulation is fairly similar. This is the same reason that nasal Imi, In! were confused as consonants Ib/, In, respectively. A sonagram of these easily confused consonants shows that transitions of their formant peaks are similar.
Consequenly, it can be said that while the fine structure of consonants is easily destroyed, the transition of formant peaks is resistant to degredation by noise. We adopted a method to restore and enhance the transitions of formant peaks without restoring the fine structure of the spectrum. We call the transition restoration and enhancement the Transition Inference (TI) operation.
TI Operation
The purpose of the TI operation is to find the direction of the formant locus and to enhance the amplitude of the formant locus. In order to find its direction, a normal distribution function of the TDSS operator is used with a small standard deviation, cJf. Enhancement of the spectral amplitude of the formant loci on the two dimensional spectral envelope is performed after the TDSS operation. For stop consonants, the amplitude dip is intensified.
Segmentation of Noisy Speech
Segmentation of noisy speech must be done because TI operation is applied at the boundary between a vowel and a consonant. The difference between the maximum and the minimum amplitude within each frame after the TDSS operation is useful as the parameter for segmentation. Because noise is diffused on a silent segment and a formant ridge is concentrated on a vowel segment, if the value of the parameter is greater than a certain threshold, the frame is regarded as vowel, otherwise it is a silent frame. Consonant segments can be automatically identified as a segment that occurs about 10 frames before vowel segment. The TI operator is then applied at the boundary between the consonant and the vowel segments. where 'mm and °mjfl are the minimum value of input spectral amplitude x and output spectral amplitude y, respectively. T is a threshold for suppression and enhancement.
SPEECH ENHANCEMENT BY SPECTRAL
AMPLITUDE
Paremeters of NSAT Operation
Threshold T is automatically adapted according to the segment types :vowel, consonant, and silence. On a vowel segment, it is set to the spectral amplitude of the fourth local peak so that the first three peaks are enhanced as formant ridges. On a consonant segment, it is set to the third local peak. While on silent segments, it is set to the maximum value to suppress the entire spectrum on the segment. To enhance the high frequency, the following slope modification is incorporated; where f is a frequency and Fmax is a maximum value of the frequency.
Effectiveness of the NSAT Operation
In the NSAT operation, if a equals 0 and equals 1, then the noise bias is simply subtracted. This transformation is well known as the spectral subtraction method. In this sense, the NSAT operation includes the spectral subtraction method, but is superior due to the effectiveness of speech enhancement. Fig.6 shows the result of an auditory test of noise reduced speech by a paired comparison experiment as a function of the SN ratio. The preference score of the noise reduced speech using the spectral subtraction decreases rapidly as the SN ratio is lowered. On the other hand, the prefereuce score of the noise reduced speech using the TDSS, TI and NSAT operations decreases gradually. The speech quality is improved below 0dB SN ratio in comparison with unprocessed noisy speech. Fig.7 shows the two dimensional spectral envelope after TDSS, TI and NSAT operation.
6. CONCLUSION We have described a noise reduction method which diffuses and suppresses the noise component, and which concentrates and enhances formant information.
Based on FFT-cepstral analysis and synthesis, it has been shown by auditory testing that noise reduction on the spectral envelope is effective.
We proposed a perceptual model which can explain (3) the existence of the critical band and temporal masking phenomena. On the basis of this model, the TDSS operation is designed to diffuse the noise component and concentrate formant information. For consonant enhancement, the TI operation is incorporated to locate the formant locus and to enhance it. We proposed the NSAT operation for the suppression of noise and for speech enhancement, and showed by experiment that total operation is superior to the spectral subtraction method in extremely noisy environments.
Our next step is to apply these noise reduction operations to speech recognition and to evaluate the effectiveness of these operations by their recognition rate. 
